One of my first projects, as a young post-doc in James Baddiley's laboratory in Newcastle, was an electron microscopic study of the structure of walls of Gram-positive bacteria (Archibald et al., 1961) . We found that stained sections of walls had a trilammelar appearance that persisted even after extraction of all of the teichoic acid. In the quarter of a century since our early study much has been discovered concerning the structure, biosynthesis and function of the component polymers of walls. Our original conclusion that the layered appearance was due to differences in the peptidoglycan has been supported by more recent observations showing that staining patterns in walls may be due more to differences in packing density than to discrete localization of individual wall components (Millward & Reaveley, 1974; Garland et al., 1975; Tsien el al., 1978) ; but information on the arrangement of teichoic acid within the wall and at the surface is still fragmentary. In this paper I shall discuss some of the implications relating to wall structure that arise from our more recent studies on wall assembly and metabolism in bacilli.
It is now accepted that wall assembly in bacilli proceeds by incorporation of new material all along the inner surface of the cylindrical region of the wall and that this then moves to the outer surface during growth (Fan et al., 1975; Archibald & Coapes, 1976; Pooley, 1976) . This implies that both teichoic acid and peptidoglycan are present throughout the entire thickness of the wall, though it does not imply any particular arrangement of the teichoic acid chains. In various published models, both wall and membrane teichoic acid chains are shown as extending radially outwards through the thickness of the cell wall to the outer surface. Such models are not consistent with our finding (Archibald, 1976; Anderson et al., 1978b ) that newly incorporated teichoic acid, attached t o peptidoglycan at the inner surface of the wall, cannot be detected at the outer surface of the bacteria. Equally, earlier reports suggesting that teichoic acid chains are not exposed at the inner surface of isolated walls (Burger, 1966; Birdsell et al., 1975) are not consistent with the demonstration that teichoic acid-specific phages (Archibald, 1976) and ferritinlabelled concanavalin A (Beveridge & Murray, 1976) bind densely to the inner surface of isolated walls of Bacillus subtilis. These inconsistencies point t o the need for a clearer understanding of the differences between the 'inside' and 'outside' regions of the wall and of how surface properties are determined by wall composition and structure. How, for instance, can we explain the dense binding of phages and ferritin-labelled concanavalin A seen at the inner surface while also explaining the observations (Birdsell et al., 1975) that concanavalin A forms a thick fuzzy layer at the outer but not at the inner surface of isolated walls of bacilli?
We have studied surface properties of bacilli containing different proportions of teichoic acid. Bacilli grown under balanced conditions in media containing phosphate at concentrations intermediate between 'limiting' and 'excess' contain intermediate proportions of teichoic and teichuronic acid, and bacilli that contain any desired proportion of teichoic acid, between the maximum and minimum, can be obtained simply by controlling the composition of the medium used for continuous culture (Anderson et al., 1 9 7 8~; Lang et al., 1982) . The total anionic polymer content (teichoic plus teichuronic acid) of these bacteria is nearly constant and particle electrophoresis studies
MacMillan, unpublished work) show that surface charge is similar in all samples at pH values greater than 4, though at lower pH values samples that contained diminished proportions of teichoic acid also had less negatively charged surfaces. Phages bind densely to all the individual bacteria grown under balanced conditions and containing only 20% of the maximum content of teichoic acid (Lang et al., 1982) . This shows that the teichoic acid is distributed over all of the individual bacteria in the sample. It also shows that low proportions of teichoic acid can be enough to ensure dense phage binding. We showed earlier (Archibald & Coapes, 1976 ) that the number of phages that can bind to bacilli that are rich in teichoic acid is limited by steric crowding of the adsorbed phage particles and that phage binding to B. subtilis W23 can reach a maximum with bacteria that contain only one-fifth of the maximum content of teichoic acid (Anderson et al., 1 9 7 8~) .
Binding of concanavalin A to B. subtilis 168 increases with increasing teichoic acid content though binding becomes maximal with bacteria that contain only half-maximum teichoic acid content. Though concanavalin A molecules are smaller than phages it appears that binding is limited sterically in this case too (Lang & Archibald 1983) . Nevertheless we have confirmed (unpublished work) the report (Doyle et al., 1975) that partial autolysis increases the ability of teichoic acid-rich bacteria to bind concanavalin A. We consider that the effect of the autolysis may be to increase the space available for adsorbed lectin molecules rather than t o increase the surface density of exposed teichoic acid.
The relation between teichoic acid content and phage or lectin binding in bacteria collected during transitions to and from phosphate limitation can differ considerably from that observed with bacteria grown under balanced conditions in that the 'age' as well as the amount of teichoic acid present is crucial. Since newly synthesized teichoic acid is not exposed at the outer surface, low phage and lectin binding can be shown by bacteria that contain quite large proportions of teichoic acid when this is all 'new'. Nevertheless walls of such bacteria can bind phages and concanavalin A because of the accessibility of teichoic acid exposed at the inner surface. A typical profile of the phage-binding properties of walls of bacteria collected at intervals after pulsed release of teichoic acid synthesis is shown in Fig. 1 . A sharp increase in phage binding is seen at the time of maximum incorporation of teichoic acid. Phage binding then falls as further wall material, not containing teichoic acid (Anderson et QL, 19783) , is incorporated but then rises to a second maximum at the time when the pulsed teichoic acid becomes exposed at the outer wall surface. This second maximum is seen at the same time as bacterial binding reaches a maximum. The sharp fall in binding to walls after the first maximum suggests that the incorporated teichoic acid chains quickly become obscured by underlying new wall material and that teichoic acid chains anchored to peptidoglycan in internal regions of the thickness of the wall do not extend radially outwards to either the inner or the outer surface. The second maximum is much broader than the first and the old teichoic acid remains accessible for an extended period until it is removed by turnover.
We have previously shown that the exposed teichoic acid is that present in the oldest 40% or so of the wall (Archibald & Coapes, 1976) . This could imply that those teichoic acid chains that are attached to the outer 40% of the peptidoglycan are able to extend radially outwards through the overlying peptidoglycan to reach the surface. However, teichoic acid becomes susceptible to removal by turnover at about the same time as it becomes able to bind surface probes (Anderson et d., 1978b) . Since removal of teichoic acid is achieved by hydrolysis of its associated peptidoglycan, and since this turnover involves removal of material at the outer surface (Pooley, 1976) , it follows that this 'surface' must be a layer of considerably depth since it contains a substantial proportion of the total wall material. We suggest that the 'surface' is a loosely packed layer of material, all of which is susceptible to turnover and permeable to high-Mr surface probes. The idea that the outer region of the wall might be more loosely packed was considered in previous work (Anderson et d., 1978b) , where we suggested that a lower packing density in the outer region of the wall could explain how pulsed phage receptor material becomes exposed over a greater area at the bacterial surface than that into which it was initially incorporated. Differences in packing density are compatible with the structure of walls as elastic polyelectrolyte gels that can shrink or swell as a consequence of electromechanical interaction between charged groups in the peptidoglycan or teichoic acid components (Marquis, 1968) . The total number of charged groups will be greater in the outer region of the wall since such groups are formed by autolytic amidase and peptidase activities in the old, outer wall region. The net negative charge on teichoic acid will also be greater in the outer wall region since the D-alanyl ester substituents, which shield the mutually repulsive phosphates, are labile t o base-catalysed hydrolysis in bacteria grown at pH values greater than 6 (Archbald et QZ., 1973) and may therefore be present in lower proportion in the older teichoic acid molecules. Both of these effects will increase the repulsive interactions in the outer regions of the wall which will therefore have a more open loosely packed structure. The arrangement of polymers at the inner surface of the wall in intact bacteria will be affected by the close apposition of the cell membrane. Material may be more densely packed because it is not subject to stretching caused by hydrodynamic forces (Koch et QZ., 1982) , because the teichoic acid is more fully alanylated, and because the apposition of membrane ensures lower hydration (Tsien et d., 1978). Structural differences due to dehydration or stretching will be less in isolated walls and the observed binding to both inner and outer surfaces of isolated walls shows that these surfaces are sufficiently similar to be recognized by phages. Nevertheless the structure of the inner region does seem to differ from that of the outer in that pulsed teichoic acid, though of similar chain length to that incorporated by bacteria growing under balanced conditions (Lang & Archibald, 1982) , is very quickly obscured by newer material at the inner surface. This is true not only for phages but also for concanavalin A (A. R. Archibald & R. S. Green, unpublished work), showing in other wall regions may remain much more closely associated with their attached peptidoglycan. Such a difference in structure between the inner and outer surface of the wall could explain how phages and ferritin-labelled concanavalin A can bind to a fairly 'thin' layer of exposed teichoic acid at the inner surface while this layer does not permit binding of enough concanavalin A to form an extended fuzzy layer of the kind seen at the outer surface (Birdsell et d., 1975) . If the extended layer were due simply to chains of teichoic acid protruding from the Vol. 13 outer surface, similar protrusion inwards might be expected with isolated walls, whereas a difference in the gel structure of the wall could explain the morphological difference, and also the finding (Burger, 1966 ) that isolated walls bind little more antibody than do whole bacteria.
The inacessibility of new teichoic acid to concanavalin A at the bacterial surface shows that the teichoic acid chains do not extend through the thickness of the wall; it also shows that concanavalin A molecules cannot penetrate the gel structure of the interior region of the wall (Lang & Archibald, 1983) . This is consistent with previous work showing that walls are of low porosity (Scherrer et al., 1977) . It follows that large proteins exported from the membrane are unlikely to be freely diffusible through the wall both because of pore size and because of the possibilities of ionic and specific binding interactions between proteins and wall polymers. In a preliminary study (with Dr. C. R. Harwood) we have found that there is a delay between synthesis and export of proteins in B. subtilis (see Fig. 2 ). This delay is of the same order as the time taken for inside to outside movement of the cell wall, suggesting that a dynamic interaction between wall assembly and macromolecular export is possible. Whether export can be added to the list of functionally important interactions between proteins and teichoic acids remains to be demonstrated. However, the importance of teichoic acids in microbial physiology and in medical and industrial microbiology ensures that the next 25 years, like the last, will see increasing attention paid to the properties and functions of these most interesting polymers. I greatly value the honour conferred upon me by the Biochemical Society and the Society for General Microbiology in arranging this Symposium. The fact that work on bacterial cell walls is being carried out today at least as vigorously as it was 30 or more years ago, when my colleagues and I discovered the nucleotides CDP-glycerol and CDP-ribitol, illustrates the steadily increasing realization of the importance of the cell wall in microbial biochemistry. This includes aspects of immunology, antibiotic action, cell biology and biotechnology.
We now understand much about the structure and biosynthesis of wall polymers in Gram-positive bacteria, although some of the details are still unsettled. My contribution to this Symposium concerns the less well under-
